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Marine	primary	production	is	a	fundamental	component	of	the	Earth	System,	providing	the	main	
source	of	food	and	energy	to	the	marine	food	web,	and	influencing	the	concentration	of	atmospheric	
CO21,2.	Earth	System	Model	(ESM)	projections	of	global	marine	primary	production	are	highly	
uncertain	with	models	projecting	both	increases3,4	and	declines	of	up	to	20	%	by	21005,6.	This	
uncertainty	is	predominantly	driven	by	the	sensitivity	of	tropical	ocean	primary	production	to	climate	
change,	with	the	latest	ESMs	suggesting	21st	century	tropical	declines	of	between	1	and	30	%5,6.	Here	
we	identify	an	emergent	relationship7,8,9,10,11	between	the	long-term	sensitivity	of	tropical	ocean	
primary	production	to	rising	equatorial	zone	sea	surface	temperature	(SST)	and	the	interannual	
sensitivity	of	primary	production	to	El	Niño/Southern	Oscillation	(ENSO)	driven	SST	anomalies.	
Satellite	based	observations	of	the	ENSO	sensitivity	of	tropical	primary	production	are	then	used	to	
constrain	projections	of	the	long-term	climate	impact	on	primary	production.	We	estimate	that	
tropical	primary	production	will	decline	by	3±1	%	per	kelvin	increase	in	equatorial	zone	SST.	Under	a	
business-as-usual	emissions	scenario	this	results	in	an	11±6	%	decline	in	tropical	marine	primary	
production	and	a	6±3	%	decline	in	global	marine	primary	production	by	2100.		
Net	primary	production	(NPP)	by	marine	phytoplankton	is	responsible	for	approximately	50	%	of	global	
biological	carbon	fixation12,13	and	a	key	determinant	of	atmospheric	CO2	concentrations2.	With	a	
turnover	time	of	approximately	1	week14	phytoplankton	are	also	the	base	of	the	marine	food	web,	
controlling	the	energy	and	food	available	to	higher	tropic	levels	and	ultimately	fisheries1,15,16.		
Ocean	NPP	is	tightly	coupled	to	climate	variability	on	seasonal	and	interannual	timescales,	as	shown	by	
observations17,18,19	and	reproduced	by	models5.	This	is	particularly	the	case	in	the	permanently	stratified	
tropical	oceans	where	there	is	a	strong	relationship	between	El	Niño/Southern	Oscillation	(ENSO)	
variability	and	primary	production17,20.	In	ENSO	positive	phases,	a	reduction	in	upwelling	intensity	and	an	
increase	in	thermal	stratification	typically	reduces	the	input	of	nutrients	from	nutrient-rich	deeper	
waters	to	nutrient	depleted	surface	waters.	As	phytoplankton	production	in	the	euphotic	zone	is	highly	
dependent	on	nutrient	availability,	increased	stratification	during	warmer	conditions	suppresses	primary	
production17,20	(Fig.	1).	This	interannual	coupling	between	ENSO	variability	and	tropical	ocean	NPP	is	
predominately	driven	by	the	Pacific18.	In	other	regions	coupling	between	stratification	and	NPP	appears	
limited	by	concurrent	changes	in	the	advective	supply	of	nutrients	and	the	wind	and	buoyancy	forcing	
available	to	overturn	the	water	column	to	the	nutricline19.	
There	are	large	uncertainties	associated	with	observations	of	NPP	that	predate	satellite	remote	sensing,	
with	no	consensus	on	century-scale	global	trends.	Satellite	observations	since	1997	have	shown	that	
tropical	NPP	fluctuations	have	a	strong	inverse	relationship	with	SST	anomalies17,	however	the	satellite	
record	is	too	short	to	separate	natural	variability	from	trends	caused	by	anthropogenic	climate	
change21,22.	
In	order	to	assess	the	impact	of	climate	change	on	NPP,	a	variety	of	ocean	biogeochemistry	models	of	
wide-ranging	complexity	have	been	developed,	and	are	now	integral	components	of	Earth	System	
Models	(ESMs)23.	Previous	generation	models	projected	global	ocean	primary	production	would	decline	
2-20%	over	the	21st	century	under	the	Special	Report	on	Emissions	Scenario	A2	(SRES	A2)	baseline5.	
Current	generation	ESMs,	which	typically	include	more	complete	ocean	biogeochemistry	descriptions,	
still	project	a	wide	range	of	global	ocean	primary	production	changes	within	the	21st	century6.	Under	the	
business-as-usual	Representative	Concentration	Pathway	8.5	(RCP8.5)	scenario24,	models	project	global	
NPP	declines	of	0-20%	in	the	2090s	relative	to	1990s6	(Fig.	S1).	Projected	global	declines	are	driven	by	
reductions	in	NPP	in	the	equatorial	and	sub	tropical	biomes25	due	to	stratification-driven	reductions	in	
nutrient	availability	as	well	as	increases	in	grazing	and	other	phytoplankton	loss	processes4.	These	
reductions	are	slightly	compensated	for	by	increases	in	NPP	at	high	latitudes4,25.	
The	current	uncertainty	associated	with	future	NPP	changes	is	larger	across	ESM	ensembles	than	across	
different	scenarios	of	climate	change6,25,26.	Constraining	estimates	of	the	climate	sensitivity	of	tropical	
ocean	primary	production	is	one	of	the	major	challenges	in	understanding	how	the	ocean	carbon	cycle	
and	marine	food	web	will	respond	to	future	climate	change4.	
The	use	of	emergent	inter-model	relationships	in	conjunction	with	observational	constraints	is	one	of	
the	recent	advances	in	reducing	the	uncertainty	of	climate	projections7,8,9,10,11.	Emergent	inter-model	
relationships	relate	the	long-timescale	climate	sensitivity	of	a	given	variable	to	the	sensitivity	to	short-
timescale	variability	or	trend	of	the	same	or	a	related	variable,	across	a	multi-model	ensemble.	
Observations	of	the	short	timescale	sensitivity	can	then	be	applied	to	the	emergent	relationship	to	infer	
a	constrained	long-timescale	sensitivity	of	the	variable	of	interest.	Such	techniques	have	been	used	to	
reduce	uncertainty	in	projections	of	Arctic	summer	sea	ice7,8	and	terrestrial	tropical	carbon	fluxes9,10.		
Utilising	the	Coupled	Model	Intercomparison	Project	Phase	5	(CMIP5)	ESM	ensemble	(Table	S1),	we	
identify	an	emergent	relationship	between	the	interannual	sensitivity	of	tropical	(30°N-30°S)	marine	
NPP	to	ENSO	driven	SST	anomalies	in	the	Niño	3.4	equatorial	zone	region	(5°N-5°S,	120°W-170°W)	and	
the	long-term	sensitivity	of	tropical	marine	NPP	to	climate	change	driven	SST	anomalies	in	the	Niño	3.4	
region.	In	defining	tropical	NPP	sensitivity	relative	to	Niño	3.4	region	SST	anomalies,	intrinsic	ENSO	
climate	variability,	which	is	highly	variable	across	the	ESM	ensemble,	is	accounted	for.	
The	existence	of	such	an	emergent	relationship	implies	that,	for	a	given	model,	the	response	of	tropical	
NPP	to	long-term	climate	change	is	governed	by	similar	processes	to	those	that	determine	the	
interannual	sensitivity	of	NPP	to	ENSO	variability.	It	does	not	require	that	all	models	have	the	same	
dominant	mechanisms.	Indeed,	for	certain	models	the	dominant	mechanism	controlling	interannual	and	
long-term	NPP	sensitivity	is	nutrient	limitation	while	in	other	models	it	appears	to	be	zooplankton	
grazing	and	other	phytoplankton	loss	terms4	(Fig.	S2).		
The	sensitivity	of	tropical	NPP	to	ENSO	variability	was	diagnosed	for	each	model	from	the	last	200	years	
of	pre-industrial	control	simulations	as	the	linear	regression	coefficient	between	Niño	3.4	region	SST	
anomalies	and	tropical	NPP	anomalies.	All	the	models	exhibit	a	negative	relationship	(P	<0.02)	between	
SST	anomalies	in	the	ENSO	driven	Niño	3.4	region	and	anomalies	in	tropical	NPP	(Fig.	2a,	S3).	NPP	
declines	are	typically	driven	by	reductions	in	NPP	in	the	central	and	eastern	tropical	Pacific	and	in	certain	
models	offset	by	increases	in	NPP	in	the	western	Pacific	and	eastern	Indian	Ocean	(Fig.	S4).	
The	long–term	climate	impact	on	NPP	was	diagnosed	from	RCP8.5	simulations	as	the	decline	in	tropical	
NPP	relative	to	1990-2000	values,	per	degree	of	Niño	3.4	region	SST	warming.	This	was	calculated	for	
each	model	as	the	linear	regression	coefficient	between	NPP	and	SST	anomalies	with	all	models	
exhibiting	inverse	relationships	(P	<0.001;	Fig.	2b,	S5).		
Across	the	multi-model	ensemble	there	is	a	strong	positive	correlation	(r	=0.91,	P	<0.001)	between	the	
interannual	sensitivity	of	tropical	NPP	to	ENSO	driven	SST	variability	and	the	long-term	sensitivity	of	
tropical	NPP	to	climate	change	in	the	21st	century	(Fig.	3).	Models	with	higher	interannual	NPP	sensitivity	
to	SST	anomalies	in	pre-industrial	simulations	consistently	project	greater	declines	in	tropical	NPP	per	
degree	warming	in	the	21st	century	(Fig.	3).	
Marine	NPP,	unlike	chlorophyll	concentrations,	cannot	be	directly	measured	from	space.	Consequently	
multiple	products	of	NPP	that	use	satellite	chlorophyll	and	incident	light	data,	in	combination	with	
descriptions	of	phytoplankton	physiology	have	been	developed27.	Given	that	these	NPP	products	can	
have	large	discrepancies27,	we	derive	observational	constraints	from	four	algorithms	over	the	Sea-
viewing	Wide	Field-of-View	Sensor	(SeaWIFS)	satellite	record	(Fig.	2a,	S6):	the	Vertically	Generalised	
Production	Model	(VGPM)14,	the	Carbon-based	Production	Model	(CbPM)28,	the	Marra	et	al.	2003	model	
(Marra)29	and	the	Carr	et	al.	2002	model	(Carr)30.	Observational	constraints	on	the	interannual	sensitivity	
of	tropical	NPP	to	Niño	3.4	region	SST	anomalies	were	calculated	as	the	linear	regression	coefficient	
between	each	NPP	algorithm	and	the	contemporaneous	Hadley	Centre	Sea	Ice	and	Sea	Surface	
Temperature	data	set31	(HadISST1).	The	resulting	constraints	are	-3.2±1.3,	-2.8±0.9,	-1.5±0.4	and	-
2.1±0.6		%	K-1	(standard	errors)	for	the	VGPM,	CbPM,	Marra	and	Carr	algorithms	over	the	period	1998-
2008,	respectively.		
Applying	the	observational	constraints	to	the	multi-model	emergent	relationship	leads	us	to	infer	
estimates	of	the	long-term	sensitivity	of	tropical	primary	production	to	future	Niño	3.4	region	SST	
warming	of	between	-3.4±1.3	%	K-1	(VGPM)	and	-2.4	±1.1	%	K-1	(Marra).	There	is	therefore	close	
agreement	between	the	observational	constraints,	all	of	which	substantially	reduce	the	uncertainty	
relative	to	the	unconstrained	ensemble	PDF	(-4.0±2.2	%	K-1;	Fig.	3b).	The	application	of	observational	
constraints	greatly	reduces	the	probability	that	declines	in	long-term	NPP	will	exceed	6	%	K-1.	In	the	
unconstrained	ensemble	this	has	a	probability	of	18	%.	This	is	reduced	to	<1.8	%	for	all	observational	
constraints.	Although	no	individual	model	predicts	a	positive	long-term	climate	impact	on	tropical	NPP	
(>0	%	K-1),	this	has	an	unconstrained	probability	of	3.5	%	and	has	been	projected	in	other	studies4,3.	This	
probability	is	reduced	to	<1.5	%	when	all	four	constraints	are	applied.	Given	the	multi-model	mean	
RCP8.5	Niño	3.4	region	SST	anomaly	is	3.9±1.3	K	in	2100	relative	to	the	1990s,	our	emergent	constraints	
imply	a	21st	century	tropical	NPP	decline	of	between	13.0±6.5	%	(VGPM	constraint)	and	9.3±5.1	%	
(Marra	constraint)	under	this	business-as-usual	scenario.	
As	the	CMIP5	projections	of	global	NPP	decline	are	predominantly	driven	by	changes	in	the	tropical	
oceans4,6,25,	constraints	on	the	sensitivity	of	tropical	NPP	can	also	be	used	to	reduce	the	uncertainty	
associated	with	the	long-term	sensitivity	of	global	NPP	(Fig.	S8).	The	unconstrained	global	NPP	sensitivity	
is	-2.3±1.2	%	per	kelvin	increase	in	Niño	3.4	region	SST	anomaly	while	the	constrained	estimates	are	
between	-1.9±0.7	%	K-1and	-1.4±0.6	%	K-1	(Fig.	S8).	Given	the	multi-model	mean	Niño	3.4	region	SST	
anomaly	of	3.9±1.3	K,	this	implies	a	21st	century	global	NPP	decline	of	between	7.0±3.4	%	(VGPM	
constraint)	and	5.4±3.0	%	(Marra	constraint)	under	the	RCP8.5	scenario.	
Although	the	emergent	constraints	on	tropical	NPP	are	robust	for	RCP8.5,	alternative	scenario	processes	
could	influence	the	slope	of	the	multi-model	emergent	relationship	and	therefore	the	constraints.	In	
particular,	the	extent	of	future	natural	and	anthropogenic	nutrient	deposition	and	transient	
enhancement	of	deep	ocean	mixing	under	certain	climate	mitigation	scenarios32.		
Our	analysis	highlights	the	need	to	reconcile	the	apparent	differences	between	the	mechanisms	driving	
NPP	sensitivities	in	different	ESMs4	(Fig.	S2).	This	will	require	future	multi-model	intercomparison	
projects	to	provide	phytoplankton	growth	rates	and	loss	terms	in	addition	to	NPP	so	that	the	relative	
contribution	of	bottom-up	and	top-down	limitation	can	be	assessed	throughout	the	photic	zone	and	
ensured	consistent	with	observations.	
Future	refinements	of	emergent	constraints	on	NPP	projections	will	require	more	expansive	ESM	
ensembles	as	well	as	longer	satellite	chlorophyll	records	that	encompass	multiple	large-scale	ENSO	
events.	There	is	also	a	need	to	consolidate	the	diverse	array	of	NPP	algorithms	and	ensure	that	they	
provide	accurate	descriptions	of	photoacclimation	so	that	NPP	estimates	are	reliable33.		
Emergent	constraints	on	tropical	marine	primary	production	projections	substantially	increase	our	
confidence	that	rising	SSTs	will	result	in	a	long-term	decrease	in	tropical	NPP	throughout	the	21st	century	
while	simultaneously	reducing	the	probability	of	the	most	extreme	projections	of	tropical	NPP	decline.	
Given	that	marine	primary	production	is	the	ultimate	control	on	the	energy	available	to	the	marine	food	
web15,16,	tropical	NPP	declines	may	have	cascading	and	potentially	amplified	impacts	on	higher	trophic	
levels,	and	on	the	goods	and	services	they	provide34.	More	accurate	projections	of	declining	tropical	NPP	
may	also	prove	useful	for	a	better	ecosystem-based	management	of	fisheries	across	the	tropical	oceans.		
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Figures	
	
Figure	1.	The	observed	sensitivity	of	tropical	primary	production	to	Niño	3.4	region	SST	anomalies.	
Niño	3.4	region	(5°N-5°S,	170°-120°W)	HadISST1	SST	anomalies	and	tropical	(30°N-30°S)	primary	
production	anomalies	during	the	SeaWIFS	satellite	record.	Primary	production	estimates	are	shown	for	
the	Vertically	Generalised	Production	Model	(VGPM;	red),	the	Carbon-based	Production	Model	(CbPM;	
blue),	the	Marra	et	al.	2003	model	(Marra;	orange)	and	the	Carr	et	al.	2002	model	(Carr;	green).		
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	Figure	2.	Primary	production	ENSO	sensitivity	and	projected	climate	impact.	a,	The	annual	mean	
anomaly	in	tropical	primary	production	against	the	annual	mean	Niño	3.4		region	SST	anomaly	for	CMIP5	
pre-industrial	control	simulations	(coloured	lines)	and	observations	(dashed	black	lines).	b,	The	annual	
mean	anomaly	in	tropical	primary	production	relative	to	1990s	mean	values	against	the	annual	mean	
Niño	3.4	region	SST	anomaly	for	CMIP5	RCP8.5	simulations.	All	linear	regressions	are	significant	at	the	P	
<0.05	level.		
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	Figure	3.	Emergent	constraints	on	the	sensitivity	of	tropical	marine	primary	production	to	climate	
change.	a,	The	long-term	sensitivity	of	tropical	primary	production	to	Niño	3.4	region	SST	anomalies	
against	the	interannual	sensitivity	of	tropical	primary	production	to	Niño	3.4	region	SST	anomalies.		The	
best-fit	observational	constraints	derived	from	the	different	primary	production	products	are	shown	as	
solid	vertical	lines	with	dashed	lines	indicating	±1	standard	error.	b,	the	probability	density	functions	
(PDFs)	of	the	long-term	SST	sensitivity	of	tropical	primary	production.	The	black	line	shows	the	‘prior’	
PDF,	assuming	all	models	are	equally	likely	and	from	a	Gaussian	distribution.	The	coloured	lines	show	
the	four	observationally	constrained	PDFs.		
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Methods		
Earth	System	Models	
Depth	integrated	marine	primary	production	model	output	was	taken	from	the	Coupled	Model	
Intercomparison	Project	Phase	5	(CMIP5)	ensemble	of	13	ESMs	that	ran	coupled	ocean	biogeochemistry	
schemes	(Table	S1).	All	models	reached	close	to	equilibrium	NPP	values	prior	to	the	last	200	years	of	
pre-industrial	control	simulations.	The	sensitivity	of	multi-model	emergent	relationships	to	the	future	
climate	scenario	and	the	NPP	depth	integral	is	shown	in	the	supplementary	information.	
Observational	constraints		
To	assess	the	sensitivity	of	results	to	the	applied	observational	constraint,	four	net	primary	production	
estimates	based	on	different	remote	sensing	algorithms	were	used,	the	Vertically	Generalised	
Production	Model	(VGPM)14,	the	Carbon-based	Production	Model	(CbPM)28,	the	Marra	et	al.	2003	model	
(Marra)29	and	the	Carr	et	al.	2002	model	(Carr)30.	The	VGPM,	Carr	and	Marra	algorithms	all	contain	
chlorophyll-specific	carbon	fixation	efficiency	terms	that	are	a	function	of	SST	whereas	the	CbPM	derives	
phytoplankton	growth	rates	directly	from	satellite	based	carbon-to-chlorophyll	ratios	without	using	SST	
to	characterise	phytoplankton	physiology.		
The	observed	sensitivity	of	tropical	primary	production	to	SST	anomalies	in	the	Niño	3.4	region	was	
diagnosed	for	the	different	NPP	estimates	using	the	contemporaneous	HadISST131	SST	record	based	on	
Advanced	Very	High	Resolution	Radiometer	(AVHRR)	measurements	over	the	Sea-viewing	Wide	Field-of-
View	Sensor	(SeaWIFS)	satellite	record	(1998-2008;	Fig.	2a,	S6).	The	SeaWIFS	record	was	used	in	order	to	
encompass	a	major	El	Niño-La	Niña	transition	during	which	there	was	large	primary	production	
variability20.	A	merged	product	of	different	satellite	records	was	avoided	to	prevent	any	potential	biases	
affecting	observational	constraints.	The	timescale	of	the	observational	records	is	such	that	they	are	
dominated	by	ENSO	variability	and	therefore	unlike	other	studies	(e.g.	9),	there	is	no	need	to	remove	a	
long-term	climate	signal	by	detrending.		
PDFs	of	long-term	primary	production	sensitivity	
Probability	density	functions	(PDFs)	of	the	long-term	SST	sensitivity	of	tropical	primary	production	were	
calculated	for	the	unconstrained	(prior)	CMIP5	ensemble	and	the	VGPM,	CbPM,	Marra	and	Carr	
emergent	constraints.		The	prior	PDF	was	derived	assuming	all	models	were	equally	likely	and	sampled	
from	a	Gaussian	distribution.	The	constrained	PDFs	were	calculated	following	previously	established	
methodologies9.	The	PDFs	of	the	VGPM,	CbPM,	Marra	and	Carr	observational	constraints	are	defined	as:	
𝑃(𝑥) = 12𝜋𝜎!!  𝑒𝑥𝑝 (𝑥 − 𝑥)!2𝜎!! 	
where	 𝑥	is	the	least-squares	linear	regression	coefficient	of	NPP	observations	regressed	against	the	
Niño	3.4	region	HadISST	record	and	𝜎!	is	the	corresponding	standard	error	(Fig.	S6).	
The	‘prediction	error’	of	the	emergent	multi-model	linear	regression	(𝜎!(𝑥))	defines	contours	of	equal	
probability	density	around	the	multi-model	linear	regression,	which	represent	the	probability	density	of	
y	given	x:	
𝑃(𝑦|𝑥) = 12𝜋𝜎!!  𝑒𝑥𝑝 (𝑦 − 𝑓 𝑥 )!2𝜎!! 	
where	𝜎! = 𝜎!(𝑥).	
Given	the	PDFs	𝑃 𝑦|𝑥 	and	𝑃 𝑥 ,	the	observationally	constrained	PDF	for	y	is:	
𝑃(𝑦) 𝑃 𝑦|𝑥 𝑃 𝑥 𝑑𝑥!!! 	
Additional	potential	prior	PDFs	that	weigh	models	based	on	their	respective	model	family,	ocean	
biogeochemistry	scheme,	or	based	on	their	relationship	to	observational	PDFs	are	given	in	the	
supplementary	material.	All	observationally	constrained	PDFs	substantially	reduce	the	uncertainty	in	
projections	of	the	long-term	sensitivity	of	NPP	relative	to	all	potential	prior	PDFs	(Fig.	S7).	As	the	long-
term	global	primary	production	declines	across	the	CMIP5	ensemble	are	driven	by	declines	in	the	
tropics4,25,	the	same	approach	can	be	utilised	to	constrain	long-term	projections	of	global	NPP	decline	
(Fig.	S8).	
Data	availability	
The	data	that	support	the	findings	of	this	paper	are	available	from	the	author	on	request.	All	ESM	model	
output	is	available	via	the	Earth	System	Grid	Federation	(ESGF).	
	
	
	
	
	
	
